Background: There is an unexplained excess of cerebral palsy among male babies. There is also variation in the proportion of more severe cases by birth weight. It has recently been shown that the rate of cerebral palsy increases as intrauterine size deviates up or down from an optimum about one standard deviation heavier than population mean weight-for-gestation. Aims: To determine whether the gender ratio or the severity of cases also varies with intrauterine size. Methods: A total of 3454 cases of cerebral palsy among single births between 1976 and 1990 with sufficient data to assign case severity (based on intellectual impairment and walking ability) and to compare weight-for-gestation at birth to sex specific fetal growth standards, were aggregated from nine separate registers in five European countries. Results: The greater the degree to which growth deviates either up or down from optimal weight-forgestation at birth, the higher is the rate of cerebral palsy, the larger is the proportion of male cases, and the more severe is the functional disability. Compared to those with optimum growth the risk of more severe cerebral palsy in male babies is 16 times higher for those with a birth weight below the 3rd centile and four times higher when birth weight is above the 97th centile. In contrast, for mild cerebral palsy in female babies the excess risks at these growth extremes are about half these magnitudes. Conclusions: Among singleton children with cerebral palsy, abnormal intrauterine size, either small or large, is associated with more severe disability and male sex.
Background: There is an unexplained excess of cerebral palsy among male babies. There is also variation in the proportion of more severe cases by birth weight. It has recently been shown that the rate of cerebral palsy increases as intrauterine size deviates up or down from an optimum about one standard deviation heavier than population mean weight-for-gestation. Aims: To determine whether the gender ratio or the severity of cases also varies with intrauterine size. Methods: A total of 3454 cases of cerebral palsy among single births between 1976 and 1990 with sufficient data to assign case severity (based on intellectual impairment and walking ability) and to compare weight-for-gestation at birth to sex specific fetal growth standards, were aggregated from nine separate registers in five European countries. Results: The greater the degree to which growth deviates either up or down from optimal weight-forgestation at birth, the higher is the rate of cerebral palsy, the larger is the proportion of male cases, and the more severe is the functional disability. Compared to those with optimum growth the risk of more severe cerebral palsy in male babies is 16 times higher for those with a birth weight below the 3rd centile and four times higher when birth weight is above the 97th centile. In contrast, for mild cerebral palsy in female babies the excess risks at these growth extremes are about half these magnitudes. Conclusions: Among singleton children with cerebral palsy, abnormal intrauterine size, either small or large, is associated with more severe disability and male sex. E arlier analysis of a large collaborative European dataset of some 4500 children with cerebral palsy born between 1976 and 1990 has shown that the rate of cerebral palsy in single births increases as intrauterine growth deviates either up or down from the expected weight at that gestational age. 1 Although sex specific standards were used to establish the expected weight-for-gestation, the separate influence of gender on cerebral palsy risk was not addressed. There are many reports that male babies are at higher risk of cerebral palsy 2 as well as other perinatal outcomes. 3 We propose that this excess of males with cerebral palsy may be accounted for by their over-representation among those with deviant intrauterine growth.
Case severity in cerebral palsy tends to vary with birth weight 4 and has important implications for future service needs and survival. 5 We used data on walking ability and degree of intellectual impairment to explore the proposition that the more severe the intrauterine growth deviation the greater the severity of functional loss in cerebral palsy cases.
METHODS
The aggregation of harmonised data across the cerebral palsy registers participating in the Surveillance of Cerebral Palsy in Europe collaboration (SCPE) is described elsewhere. 6 Cases were ascertained either through clinical examination or through medical records, and then selected using the same definition and inclusion criteria. Ten of the 13 registers have sufficient data to estimate the risk of cerebral palsy in relation to intrauterine growth. 1 Cases born to non-resident mothers, of known post-neonatal origin, or from multiple pregnancies are excluded. Sex specific fetal growth curves 7 8 are employed to calculate a weight-for-gestation Z-score for each case. Expected fetal weight for gestational age is derived using the Gardosi ''proportionality'' formula 7 applied to the sex specific mean weight at term of singleton babies from the northeast of England. 9 The contributing registers did not record parity or maternal height and are likely to have very few ethnic minority cases, all important factors determining fetal weight. 7 Also most centres are based in countries where mean term birth weights are close to those for northeast England, so this growth standard was considered to be the best estimate available for expected fetal weights. However, Swedish babies are more than 100 g heavier at term 10 and therefore a separate fetal growth standard based on ultrasound measurements in Scandinavian babies 8 is used for cases from the Swedish register. Z-score band specific rates of cerebral palsy are then calculated using as denominators the known live birth total divided assuming a Normal distribution (for example, 25% of the denominator are assigned to the Z-score band 0 to 0.67-equivalent to the 50th to 75th weight centiles). 1 Assessment of case severity Severity of overall disability is assessed using data on IQ level and walking ability recorded at about 5 years of age. 4 11 12 Although contributing registers varied in their assessment methods, considerable care was taken to ensure comparable severity categories during consensus discussions. 6 Two categories are defined for the main analysis: ''mild'' (IQ >50 and walking unaided), and ''more severe'' (IQ ,50 or unable to walk without aids). This latter category captured 48% of cases. For subsidiary analysis of the elements of this composite severity measure an IQ ,50, and inability to walk without aids, were separately defined as ''more severe'' (capturing 28% and 45% of cases respectively).
Statistical analysis
Individual year cohort data for each of the SCPE collaborating centres were only included when at least 80% of the cases had values for the variables required for analysis.
As well as the rates of cerebral palsy per 1000 live births, two further outcomes are examined in relation to Z-score of weight for gestation at birth-first the odds of being a more severe rather than mild case and second the odds of being male versus female, among all cases.
The statistical significance of observed differences across Z-score bands is assessed using rate or odds ratios by comparison to a reference band set to 0.67 to ,1.28 Z-score (approximately equivalent to 75th-90th weight centiles). This band was chosen as reference because the earlier analysis 1 had shown a clear optimum at this weight for gestation in terms of minimum rates of cerebral palsy. Confidence intervals (99%) were calculated for the rate and odds ratios as described by Morris and Gardner. 13 The collection and use of these anonymised data were approved where required by ethical committees local to the participating cerebral palsy registers and studies.
RESULTS
There were 4503 cases of non-postneonatal cerebral palsy among resident singleton births with sufficient data for analysis by birth weight for gestational age in registers contributing to the SCPE dataset.
1 A further 22 of a possible 121 year cohorts in these registers were excluded as, for at least one severity variable, they included .20% missing values. There remained 3454 cases from nine registers covering parts of Eire, UK (four registers), Germany, Sweden, Denmark, and Italy. The German register only records bilateral spastic cerebral palsy, thus their 196 cases enter the analyses only where cerebral palsy types are separated. When severity of intellectual impairment and of walking disability are analysed separately, there are larger datasets (3483 and 4448 respectively) because there is information on walking ability for most Scottish and Northern Irish register cases. For each dataset more than 95% of cases had complete data for the variables used to estimate case severity.
Rates of cerebral palsy by severity
The Z-score band specific rates of more severe and of mild cerebral palsy are shown in fig 1 for term (.36 weeks gestation) and preterm babies separately. The reversed ''J'' relation of cerebral palsy risk with intrauterine growth applies equally both to more severe and to mild cases and irrespective of maturity at birth.
In table 1, confined to the more severe group of cases, those with birth weights either heavier or lighter than the reference band have higher rates of cerebral palsy whether term or preterm. This finding is also present for both bilateral and unilateral types of cerebral palsy, for male or female cases, and regardless of the method used to assign case severity.
Proportion of more severe cases Table 2 illustrates a separate phenomenon. Here it is seen that among cases the relative severity of cerebral palsy also varies significantly about this same optimum birth weight for gestational age. Furthermore, when the overall severity indicator is disaggregated, this pattern persists for both intellectual impairment and walking disability albeit with less significant odds ratios. Whatever the severity definition, cases of cerebral palsy are consistently ''more severe'' when their growth is deviant. 
Rates of cerebral palsy by sex
The rate of cerebral palsy per 1000 male births (2.2, 99% CI 2.0 to 2.3) exceeds that among females (1.7, 99% CI 1.5 to 1.8) by about 30%. These differences persist across most Zscore bands (fig 2) , and in each severity subgroup (more severe and mild).
The proportion of male cases Among both more severe and mild cases the proportion of males increases at the growth extremes (table 3) . This sex ratio is actually reversed in the Z-score band 1.28 to ,1.88 where boys make up less than half of cases (68:75) and have lower rates of cerebral palsy than girls.
Case severity and gender combined in relation to deviant fetal growth Table 2 odds ratios also reveal that the excess of more severe cases associated with deviant fetal growth is most marked among the males. The net effect is that the risks of more severe cerebral palsy are increased almost fourfold (3.7, 99% CI 2.1 to 6.5) for male babies with birth weights >1.88 Zscore (equivalent to 97th centile) and by sixteen times (16.4, 99% CI 10.8 to 24.9) at ,21.88 Z-score (equivalent to 3rd centile) when compared to the group with optimum growth (table 1) . Meanwhile the risks of mild cerebral palsy among female babies with birth weights at the same high and low growth extremes are 2.1 (99% CI 1.2 to 3.6) and 7.6 (99% CI 5.6 to 10.3) times greater than at optimum weight-forgestation (data not shown in table 1).
DISCUSSION
These results confirm, among a subset of relatively severe cases likely to be more reliably ascertained, 14 our collaboration's earlier finding that cerebral palsy risk increases continuously as birth weight deviates either up or down from an optimum about one standard deviation heavier than expected weight for gestational age. 1 This suggests that the centres with sufficient data on case severity are representative of the larger group.
Our new findings are, first that cases of cerebral palsy further from this optimum birth weight are of increased severity, and second that male babies are relatively more vulnerable than female babies to such growth deviation. The latter effect is so large that the well known excess rate of cerebral palsy among male babies is confined to certain parts of the distribution of weight for gestation (see fig 2 and  table 3 ).
Accuracy of gender and severity analyses
A concern in the current analysis is that the weights of normal male and female fetuses may not have the same degree of variation about mean expected weights (as is assumed in the two chosen fetal growth standards). However, examination of neonatal birth weight standards 15 16 suggests that male standard deviations are relatively smaller than female, so the increasing proportion of male cases we observe with deviant growth may actually be slightly underestimated.
It is important to note that the observed changes with deviant growth in the proportion of more severe or of male cases (tables 2 and 3) are independent of the assumptions about denominator size required for rate comparisons (see table 1 footnote). It also seems very unlikely that the accuracy of gestational age of cases (used to assign Z-scores) could be influenced by their gender or severity.
Severity of cerebral palsy
We have found no prior reports of a relation between severity of cerebral palsy and degree of deviant intrauterine growth. A Table 2 Odds ratios (OR*) of more severe versus mild cases by Z-score band plausible explanation is that extreme growth deviations cause (or result from) the most extensive cerebral lesions. These, in turn, lead to the most severe manifestations of cerebral palsy. This is supported by evidence from brain imaging studies that lesion extent in cerebral palsy does correlate with severity of motor and even cognitive deficits. 17 18 Thus not only the frequency but also the severity of abnormalities in the fetal brain appear to be associated with the degree to which size at birth deviates from the optimum birth weight for gestational age.
Gender of cases
The finding that the gender of cerebral palsy cases is unevenly distributed by birth weight for gestation is also original. Earlier studies have shown the predominance of male cases and this has been assumed to reflect the factors which cause the known excess risk of complications and poor outcomes of pregnancy in boys generally. 3 Of these other outcomes it is interesting to note that the excess of males among stillbirths is confined to babies whose intrauterine growth deviates away from a minimum located at the 60th-80th centiles of weight for gestation, especially at term. 19 It is also possible that the reversed J shape showing the Zscore specific rate of cerebral palsy for males in fig 2 is shifted to the right of that for females (i.e. that the optimum Z-score for males is further from their mean weight for gestation). This displacement of the point of minimum risk towards heavier male babies is so marked that there is actually a significantly increased rate of cerebral palsy among ''normal'' birth weight boys (i.e. 25th-75th weight centiles) when compared to those in the 75th-90th weight band (see table 1 ). The suggestion that the average achieved weight at birth of male babies is less optimal than that of females would represent an intriguing new finding. Some studies do imply that male fetuses have higher energy requirements 20 and are less likely to achieve their full weight potential than females when maternal diet is deficient. 21 Moreover boys, if born preterm, are peculiarly vulnerable to major shortfalls in verbal IQ if they are not fed enhanced neonatal diets. 22 It is also curious that, even in highly developed countries, male birth weight appears to exceed female by nearly 10% at 28 weeks gestation, whereas by term the discrepancy is merely 4%. 16 23 Confining our analysis to term cases does indeed exaggerate the difference in optimum Z-scores for males and females seen in fig 2. However, this was not enough to confirm a significant interaction between gender and Z-score in Poisson regression modelling of rates (not shown).
Paradoxically this increased vulnerability of male babies is not reflected in higher rates of intrauterine growth retardation when this is judged by low growth velocity or disproportionate anatomy. 24 There is evidence however that male babies are less mature for their gestational age both in skeletal ossification 25 and also in cerebral maturity as judged by stimulus habituation. 26 Thus the explanation for their excess perinatal mortality and morbidity might be ascribed to physiological vulnerability. If this is the case then one could speculate that exposure of male babies to the risk factors resulting in (or from) deviant growth finds them more vulnerable to cerebral palsy than similarly exposed female babies.
Intrauterine growth
This uncertainty as to whether growth deviation is a cause or an effect of cerebral palsy (or even with a common origin) raises the question of how growth velocity is normally controlled in utero. It appears that fetal, placental, and maternal hormones, particularly insulin (IGF-I and II), epidermal growth factor, cytokines, and leptins are implicated. 27 28 The effect of insulin-like hormones is seen pathologically in the macrosomia associated with maternal diabetes, but can also result in both over-and under-growth from altered fetal expression of IGF-II or glucokinase genes. 29 Although there seems to be little evidence that brain lesions actually influence such endocrine growth regulation, anencephalic fetuses do show poor somatic growth even allowing for the weight of the missing tissues. 30 With respect to gender differences in intrauterine growth and maturation rates, fetal sex hormones are presumably instrumental. There is also evidence that mothers who were themselves of low birth weight may constrain the size of large babies during the last trimester. 31 Due to their heavier mean weights most of these large babies are boys-a phenomenon with implications for the degree to which boys achieve their genetically intended weight at birth.
In summary, the finding that deviation from optimum fetal growth at any gestational age is strongly associated with risk of cerebral palsy, particularly for more severe forms, and that this relation is magnified for males opens up a number of important clinical research questions. Cohorts of babies with serial ultrasound tracking of fetal growth should be carefully followed to characterise pathological patterns, their antenatal correlates, and the effects of fetal gender. Particular effort should be focused on the development of methods to describe the proportionality of intrauterine growth, the progress of physiological maturation (especially brain), and the biochemical milieu of the fetus (especially endocrine). Defining when the cerebral abnormalities underlying cerebral palsy occur, whether (and how) this is a consequence of deviant intrauterine growth, and what causes intrauterine growth to deviate, remain to be clarified by such studies. Term, more severe Preterm, mild Term, mild Figure 1 Rates for term and preterm cases of cerebral palsy by Z-score of weight-for-gestation: mild and more severe cases separately. Z-score derived using fetal growth standards. Patterns ,32 weeks gestation differ when neonatal growth standards are used. Babies born ,32 weeks (the basis for neonatal standards) may be abnormally grown however and the implications of this are discussed elsewhere. 1 Rate ratios by Z-score band and their statistical significance are given for the more severe cases in table 1. 
